We describe how monomial chaotic inflation becomes compatible with the latest CMB data thanks to radiative corrections producing a plateau. The interactions of the inflaton with other fields, required for reheating, can flatten the potential and moderate the production of primordial gravitational waves, keeping these below the current upper bound. We show that the appearance of a plateau requires that the inflaton couples to fermions and to another scalar or a gauge group. We give concrete examples of minimal particle physics models leading to plateaus for quadratic and quartic chaotic inflation. We also provide a three-parameter model-independent description of radiatively corrected inflation that is amenable to CMB analyses.
Introduction
Since its conception [1] [2] [3] [4] and subsequent early development [5] [6] [7] [8] [9] [10] [11] [12] , primordial inflation remains the best proposal for understanding the homogeneity and flatness of the universe at very large scales, as well as the initial conditions leading to the inferred spectrum of fluctuations on this background. In particular, single-field slow-roll chaotic inflation [6, 13] provides the simplest and most successful framework so far to approach these key questions in cosmology. Multiple variants of this idea have been proposed during the years, while the precision of CMB observations was steadily increasing. Thanks to the latest Planck CMB data, several of those proposals are now discarded [14, 15] . Remarkably, the most economical models of chaotic inflation, based on monomial potentials with a positive and even exponent, p, are either strongly (p > 2) or moderately (p = 2) disfavoured by the data [15] , since they predict primordial gravitational waves with an amplitude in excess of the present upper bound [14] [15] [16] .
Indeed, the tensor-to-scalar ratio, r, is today one of the strongest constraints on the landscape of inflationary models. The latest analysis of Planck CMB data, including some external data as well, has established the upper bound r < 0.11 at the scale k = 0.002 Mpc −1 and 95% confidence level [14] , whereas the inclusion of B-mode polarization data from the BICEP2/Keck collaboration gives r < 0.12 at k = 0.05 Mpc −1 and the same statistical significance [16] . It is expected that this barrier will be surpassed in the near future thanks to ongoing observations 1 and planned probes; see e.g. [17] for a discussion concerning specifically B-modes. Projected CMB observations may reach a sensitivity of ∆r 10 −3 [18] or even ∆r 5 × 10 −4 [19] ; and it has been claimed that lensing measurements of the 21-cm line of atomic Hydrogen might potentially get down to the astonishing level of ∆r ∼ 10 −9 [20] .
Various theoretical constructions which modify monomial chaotic inflation have been engineered in order to satisfy the current observational constraints on the primordial power spectrum [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . Many of these proposals, though not all, involve the ad hoc addition of extra scalar degrees of freedom or non-canonical couplings to gravity, which alter the appealing minimal structure of the original idea. However, whereas simplicity should undoubtedly be an important guiding principle, there are rather compelling reasons which indicate that a monomial potential, standing alone, cannot be considered a completely satisfactory model on its own. As we will now argue, these reasons come from the requirement of reheating the universe after inflation and from basic considerations of quantum field theory.
A complete inflationary model has to provide a mechanism to reheat the universe after inflation. This implies that a coupling (direct or not) between the inflaton and the Standard Model of particle physics (SM) must be contained in the model. 2 Let us entertain the simple possibility that the inflaton field, φ, decays into a fermion, through a Yukawa interaction, when inflation ends. It is then straightforward to show that all possible renormalizable powers of φ are generated radiatively. A similar conclusion holds if the inflaton decays (or anihilates) to another scalar field. 3 Therefore, there is clearly an implicit tuning in all monomial chaotic models of inflation and a natural assumption would be to consider simultaneously all renormalizable powers of φ. This implies that the potential always grows as φ 4 (with logarithmic corrections) at sufficiently large field values, unless some symmetry prevents it. 4 Coupling monomial inflation to a fermion can also be motivated as a way of lowering the prediction for the amplitude of primordial gravitational waves. At tree-level, the inflationary dynamics remains unchanged by such a coupling. However, radiative corrections with fermionic loops tend to flatten the potential, possibly reducing r to a value compatible with the data if the corrections are sufficiently large. The effect of fermionic radiative corrections to quadratic and quartic chaotic inflation has been studied previously [33] [34] [35] [36] , leading to effective potentials that can fit the data and become negative at large field values.
A qualitatively less radical modification of the overall shape of the potential is possible if the destabilizing effect of fermionic loops is compensated by radiative corrections produced by other fields, which may be scalars (including the inflaton itself) and gauge bosons. 5 These extra loops may lead to 1 See the note added just before the Appendices. The current upper bound on r has been significantly lowered to r < 0.07 at k = 0.05 Mpc −1 , which motivates even more our study. 2 We do not consider for this argument the possibility of gravitational reheating. In relation to this, it has to be mentioned that, for simplicity, we will assume through the paper that direct non-minimal couplings to the metric are suppressed, although it must be noted that these are generically created through loop corrections. 3 However, discrete symmetries which may involve fermions and scalars can forbid certain terms, e.g. those involving odd powers of the inflaton. 4 For simplicity, we assume in this work that non-renormalizable operators can be neglected, assuming that the range of validity of the model is well beyond the region where inflation takes place. These operators could be included for generality and they would typically introduce small corrections to our results, suppressed by some high energy scale. 5 Quantum corrections of bosons and fermions have also been considered e.g. in [37] , where the inflaton is a pseudoGoldstone boson. Other examples of models in which the interplay between bosonic and fermionic loops is essential are Higgs-plateau inflation (see e.g. [38] [39] [40] and Section 4.1.2 of the present work) and the Higgs false-vacuum model [39] [40] [41] [42] .
an inflationary plateau, ideally suited for slow-roll, and keep the potential positive definite at all field values. Such a plateau is characterized by an inflection point, which in general will be just approximate. Intuitively, a plateau helps to fit the CMB by reducing r (which is proportional to the first derivative of the potential) and providing a flat region where the inflaton can exhibit a prolonged period of slow-roll, enhancing the number of e-folds of expansion. Indeed, inflation in the neighbourhood of an inflection point has been studied in a number of examples of diverse origins [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] and plateau potentials are known to be among the best candidates to describe the current CMB constraints [15, [61] [62] [63] [64] . Given this, we may ask which is the minimal model, well motivated from the point of view of particle physics, that is needed to reduce the amplitude of primordial gravitational waves of monomial inflation through the appearance of a plateau. In this work we show that a successful inflationary plateau with an inflection point can generically appear in monomial chaotic inflation at the two-loop level, provided that the inflaton couples to an appropriate small set of extra fields.
In Section 2 we discuss the generic conditions that the potential has to satisfy to have a plateau, focusing on quartic and quadratic chaotic models. We express these conditions as constraints on an effective quartic coupling or effective mass, respectively. Approximate (i.e. deformed) plateaus can be described in broad generality with just three parameters; see Appendix A. Then, in Section 3 we study the predictions for inflation and show that these models can easily accommodate the current CMB constraints, effectively lowering r, as required. Finally, in section 4 we study in detail radiative corrections to monomial inflation due to the couplings to extra fermions, scalars, gauge bosons and SM fields, in particular the Higgs. We show that plateaus generically require that the inflaton couples to fermions and another scalar or a gauge group. In that section we present minimal particle physics models that are capable of realizing a successful inflationary plateau. As a by-product, we show that the SM field content corresponds to an augmented version of one of these minimal cases. Appendix B contains the relevant beta functions and Appendix C provides extra details on the solutions of the plateau equations.
Radiative plateaus
Radiative corrections to a renormalizable tree-level potential can induce an inflection point with vanishing first derivative along some direction. This can favour slow-roll inflation in the approximately flat region of the potential around that point. Considering the potential on the direction φ relevant for inflation, such a plateau will be characterized by the existence of a field value φ 0 which solves the two equations
In the limit of large field values, only the quartic part of the potential matters and the radiative corrections can be accounted for through the running of the quartic coupling. The potential can be well approximated in this situation by
2)
None of these two models can actually fit the CMB the data. Bosonic loops also intervene in other models, e.g. [43, 44] .
where λ(φ) is an effective field-dependent coupling. The simplest way of understanding the field dependence of the potential (2.2) is using the Coleman-Weinberg form [65] :
recalling that the effective squared masses M 2 i of the particles running in the loops are proportional to φ 2 for large values of the field. 6 In this expression, V 0 (φ) is the tree-level potential and Ω(µ) is the field-independent loop contribution to the cosmological constant. The third term on the right hand side is due to one-loop diagrams and the ellipsis stands for higher order loops. At large values of φ, the effective quartic coupling will be of the form 4) where the logarithm squared comes from two-loop and higher order terms in the Coleman-Weinberg expansion (2.3). Without loss of generality, we absorb inλ(µ) all non-logarithmic terms that come from the constants C i . The field independent part Ω(µ) is irrelevant in the large field limit. It is convenient to choose the renormalization scale µ to be proportional to the location of the plateau, i.e. µ = µ 0 ≡ ε φ 0 , where generically ε 1. The (positive) constant ε comes from M 2 i (φ) ∝ φ 2 (which is valid in the large field limit) and parametrizes the smallness of the couplings implicit in these proportionality relations. One can choose ε to correspond, for instance, to the smallest of the couplings appearing for the masses M 2 i (φ). A different choice does not make any practical difference in the computations if all the couplings are approximately of the same order of magnitude. 7 With this choice of renormalization scale, a straightforward redefinition of the coefficients of (2.4) allows to write this expression as follows: 5) where the coefficients λ 0 (φ 0 ), c 1 (φ 0 ), . . . , are functions of the originalλ(µ),c 1 (µ), etc. evaluated at µ 0 . Thus, the equations (2.1) are solved at φ = φ 0 if
The reason for the relative signs in (2.6) can be easily understood. Since the potential has to be positive at the plateau, i.e. around the inflection point φ 0 , the effective quartic coupling λ 0 (φ 0 ) has to be positive. A negative first derivative of λ(φ) with respect to log φ at the plateau, i.e. c 1 (φ 0 ), tends to drive the effective quartic coupling to negative values, flattening the potential. In order to avoid the appearance of an instability, c 2 (φ 0 ) has to be positive. Using the conditions (2.6) into the expression (2.5), the effective potential becomes
7)
6 We assume that either φ is the only scalar of the model or, in a more general situation, that the field-dependent masses Mi are dominated by the φ contribution. 7 If the model contained widely dissimilar energy thresholds or particle masses, a treatment such as those of [66] and [67] could be implemented. For simplicity, we assume throughout that this is not required.
where the ellipsis stand for higher powers of the logarithm, coming from higher order loops, which we are neglecting. Therefore, we see that a plateau may arise from the interplay of the one-and two-loop corrections to the effective potential. Actually, the expression (2.7) shows that a plateau can arise already at the two-loop leading log level, as we will discuss next. Another way of understanding the potential is the following. Starting anew with the ColemanWeinberg expansion (2.3), we choose the renormalization scale to be µ = ε φ and keep only the terms containing the fourth power of φ. With this choice, the logarithms are effectively resummed into an effective quartic coupling λ(φ), which multiplies φ 4 , as we anticipated in (2.2). This effective coupling λ(φ) includes the quartic terms at all orders, arising from the the Coleman-Weinberg potential in the large field limit. Then, we expand λ(φ) around the location of the plateau, φ 0 , obtaining an expression analogous to (2.5), i.e.
This shows explicitly that the coefficients c 1 , c 2 , etc. of (2.5) are related to the beta function of the effective quartic coupling, 9) and its logarithmic derivatives, indicated with primes in (2.8). Therefore, the conditions (2.6) can be interpreted in terms of the variation of the beta function of the effective quartic coupling at the plateau. The need of including two loops to describe a plateau also becomes automatically apparent in this way, since β λ is of order two in the loop expansion. By construction, evaluating the effective quartic coupling λ at φ 0 corresponds to evaluating the original couplings of the Lagrangian (and their beta functions) at ε φ 0 since we have chosen our renormalization scale to be µ 0 = ε φ 0 . It is also important to stress that β λ , the beta function of the effective quartic coupling λ(φ), is not the same as the one of its tree-level counterpart, because λ(φ) absorbs the loop corrections from the Coleman-Weinberg expansion. 8 In the large field limit, a logarithmic expansion of the tree-level quartic coupling around φ 0 would obviously lead to an expression for the potential with the same functional form as (2.4), but failing to reproduce the loop effects appropriately. Coming back to the choice of renormalization scale, µ, it should be pointed out that the CallanSymanzik equation guarantees that the the effective potential is independent of it, when computed to all loop orders. The truncation of the loop expansion (needed for practical computations) introduces a marginal scale dependence which is never worse than the precision of the truncation. In other words, upon truncation, the effective potential remains scale-invariant up to subleading terms. However, as we mentioned before, the numerical effect of these subleading terms at large field values can actually be better accounted for with the choice µ ∝ φ, because it can suppress the potentially large logarithms of the form (log M 2 i (φ)/µ 2 ) [68] . It is worth remarking that the energies of the virtual fluctuations inside loops are related to their inflaton-dependent masses, which may remain well below the Planck mass even when the field takes Planckian values (as it is generically the case in chaotic large-field inflation) if the couplings are sufficiently small. This will be ensured in our concrete examples, for which successful inflation demands a very flat potential, which implies that η ≡ M 2 P V /V 1, where M P denotes the reduced Planck mass, M P = m P / √ 8π. Concerning couplings along orthogonal directions, the masses sourced by the inflaton will be under the Planck scale as long as the mixed scalar couplings between the inflaton and the additional scalars are suppressed, as it will be the case in the examples that we study later. 9 Similarly, the inflaton field can source fermionic masses through Yukawa couplings, which again will be suppressed if the latter are small. In the examples of Section 4, it is indeed possible to have inflaton excursions of the order of 10M P with inflaton-sourced masses well below m P . Moreover, the overall height of the potential (which is a most relevant scale for inflation) remains below m 4 P . A plateau supporting slow-roll inflation may also appear in a regime in which the potential can be approximated by an effective quadratic term with positive mass squared:
In terms of the beta function of the effective mass squared, the conditions for the existence of the plateau in this case are:
Expanding the effective mass around φ 0 , the potential can be written as
A plateau of this type is only viable if the cubic and quartic corrections to the potential remain suppressed for the field values around φ 0 . The potential (2.12) assumes that those interactions vanish at the scale φ 0 of the plateau. Clearly, a similar assumption is needed for a standard φ 2 chaotic model of inflation. In concrete implementations of the quadratic plateau, it has to be checked that the cubic and quartic corrections induced through loops are suppressed for the range of fields relevant for inflation. Plateaus may also occur in a region of a potential that is dominated by a linear or cubic term. However, whereas the radiatively corrected φ 2 and φ 4 potentials have a vanishing absolute minimum V (0) 0 (under the assumption that the odd terms are negligible at all scales), the situation is more complicated for odd monomials. For linear and cubic plateaus the minimum can only appear once the quadratic or quartic terms start to be relevant, which happens away from φ = 0 and necessarily breaks the monomial approximation. Unless the potential has a tuned field-independent piece, the minimum will then be negative. We recall that the stages of the universe following inflation require a long-lived minimum with a small and positive cosmological constant. As it is usually done, we will assume that this is achieved by some mechanism for which inflation has no bearing. For simplicity, we will focus our attention on φ 2 and φ 4 plateaus, avoiding in this work the the complications of odd monomials.
Inflation
Before searching for concrete particle physics models giving rise to successful inflationary plateaus, we are going to study the generic properties of the potentials (2.7) and (2.12). As discussed in the introduction, the appearance of a plateau from radiative corrections is a possibility for completing and rendering viable the classical quadratic and quartic chaotic models of inflation, which are now either under strong tension (in the case of φ 2 ) or completely ruled out (φ 4 ), mostly due to Planck CMB data [14, 15] . In this section we will show how radiative corrections to standard monomial chaotic inflation make these models compatible with the data.
Quartic plateau
The potential (2.7) can be generalized to allow small deformations of the plateau, alleviating the tuning implied by the conditions (2.6). This may also serve the purpose of parametrizing the effect of higher order radiative corrections altering the shape of the plateau. We will then consider the potential
where the absolute values of b 1 and b 2 are assumed to be smaller than 1.
Notice that the running of the couplings is constrained, in such a way that the truncated potential is approximately scale invariant. Formally, the potential (3.1) has just three parameters, which are combinations of λ, b 1 , b 2 and the logarithm of φ 0 /M P . In Appendix A we provide the explicit expressions for the three independent parameters, which can be used for direct fits to CMB data.
We consider the field rolling from larger to smaller values and compute the primordial inflationary parameters at some field value φ i , such that the total amount of inflation from that point until the end should be approximately 50-60 e-folds [69] . For very small deformations (and in particular if b 1 = b 2 = 0), a much larger amount of inflation is actually possible due to the flatness of the plateau, but those extra e-folds are irrelevant for the solution of the horizon problem. Enough e-folds can be attained generically with an initial field value φ i < φ 0 , which is the case we consider in this work. However, it is worth pointing out that if the plateau is tilted considerably, the rolling of the field will be faster and enough inflation may require φ i > φ 0 .
Inflation is of chaotic type for the radiatively corrected potential (3.1), like in the standard monomial φ 4 model. If the parameters b 1 and b 2 are such that the potential increases monotonically, the inflaton classically rolls down the potential until it reaches the attractor solution and its velocity is determined by the slope. The attractor is guaranteed to be attained by the flatness of the potential. Then, we can think of the inflaton field as taking random values initially in different patches of the primordial universe. All the regions where the inflaton is larger than φ i lead to the required final state. If the potential has a local minimum, 10 the random inflaton distribution ensures that successful inflation can take place, provided that φ i is smaller than the location of the minimum. The same argument holds if the potential is unstable, if the value of φ i leading to N e ∼ 50 is smaller than the maximum of the potential.
The primordial spectra of scalar and tensor perturbations in the slow-roll approximation are:
10 A necessary condition to avoid the formation of a local minimum is b1 > 0.
where the ellipses stand for higher order terms in the slow-roll expansion. The primordial parameters A s , n s , etc. are understood to be evaluated at the fiducial scale k * , which is often chosen to be k * = 0.05 Mpc −1 . Since the largest observable scale is k i 2×10 −4 Mpc −1 , the scale k * sits at log(0.05/10 −4 ) ∼ 5 e-folds away from the beginning of observable inflation. Given that the CMB data implies that the change of the primordial parameters is very small between k i and k * and given the uncertainty on the number of e-folds of observable inflation, we can simply evaluate the primordial parameters at φ i (corresponding to k i ). This approximation is particularly good for very flat potentials, as it is the case here. If b 1 , b 2 and χ = 1 − φ i /φ 0 are sufficiently small, it is straightforward to write explicit formulas for the primordial parameters by Taylor expanding their standard slow-roll expressions in these variables. The value of χ for the cases that fit the data tends to be too large to obtain expansions that are both accurate and concise, so we do not write them here. Instead, we compute numerically the primordial parameters and the number of e-folds of inflation.
In what follows we will denote by N e the number of e-folds of inflation that take place between φ i and the end of inflation. Notice that if we fix the values of b 1 , b 2 and φ 0 , the value of φ i is set solely by n s , and the value of λ by A s . In order to determine the number of e-folds of inflation from φ i , we solve the equation of motion as a function of e-folds itself, see [60] . This allows a precise determination of N e at the end of inflation and does not rely on the slow-roll approximation.
Given b 1 = 0, b 2 = 0, A s and n s , there are two branches of solutions for φ i and φ 0 . Each branch corresponds to a different number of e-folds and different values of the tensor-to-scalar ratio r = A t /A s . One of them, which produces the largest values of r, connects with the exact plateau case (b 1 = b 2 = 0), and is illustrated in Figure 1 , which shows contour curves in the plane r-n s , for four different choices of b 1 and b 2 . Planck CMB data alone imply n s = 0.9666 ± 0.0062 at k * = 0.05 Mpc −1 and r < 0.103 at k * = 0.002 Mpc −1 , both at 95% c.l., and assuming negligible running of the scalar spectral index [15] . In the examples of Figure 1 the running, α, is of the order of −10 −4 , or −10 −3 at most. Whereas these values of α are small, they may be probed with future data, specifically with measurements of the 21cm line in galaxy surveys [70, 71] and CMB polarization [72] . The solid black lines in Figure 1 correspond to points with equal number of e-folds from φ i to the end of inflation, while the dashed lines represent points with equal values of φ 0 . The values of the tensor spectral index, n t , can be read directly from the figures, using that n t −r/8. Figure 1 shows that a plateau with b 1 = b 2 = 0 and less than than ∼ 60 e-folds is in very strong tension with the current bounds on r and n s . Assuming a higher number of e-folds, r can be decreased (or n s increased) sufficiently to make such a plateau compatible with current constraints. However, the possibility of N e 60 is unlikely [69] . A precise determination of N e requires a detailed knowledge of the post-inflationary physics and hence a specific particle physics model for the plateau. Increasing b 1 and allowing for a negative b 2 decreases the number of e-folds and eases the tension with the data, making a quartic plateau compatible, as Figure  1 also illustrates. For example, for b 1 0.3, the spectral index can be n s = 0.96 and the number of e-folds N e 60. This is because b 1 > 0 makes the potential steeper near the plateau, so the field can roll faster, reducing N e with respect to the case b 1 = 0.
The second branch of solutions for b 1 > 0 and b 2 = 0 is characterized by having larger values of the ratio φ i /φ 0 . In this branch r is significantly lower, yielding a plateau in perfect agreement with the data. The reason for the existence of two distinct branches can be understood intuitively as follows. A very flat plateau implies a very slow rolling and therefore favours a large number of e-folds, and thus N e can be reduced if φ i is sufficiently smaller than φ 0 . However, this implies that the potential will be steeper at φ i , which translates into a larger r ∝ (V /V ) 2 . On the other hand, a positive b 1 implies V = 0 at φ 0 and a steeper potential. Then, φ i can be closer to φ 0 , where r remains small. The present CMB data suggest that the inflationary potential could indeed be a very flat plateau, but not excessively flat. In other words: the inflaton must have rolled slowly, ma non troppo. The second branch of solutions yielding potentials in agreement with data is illustrated in Figure 2 .
We find that for 40 N e 70 the field typically travels from φ i to φ e a distance of the order of 12-16 M P in the first branch and as low as 4.5 M P in the second branch. The plateau's location φ 0 must be about 20 to 40 times M P (in the high-r branch) or around 7-10 M P (in the low-r branch). The effective quartic coupling at the scale φ 0 must be around 10 −13 (and up to 10 −12 in the second branch). For comparison, a monomial inflation model, V ∝ φ N , predicts r = 8N 2 (M P /φ i ) 2 4N/N e , which means φ i > ∼ 20 M P for N = 4. In this case, the quartic coupling is roughly of the same magnitude as for the plateau, which supports the tantalizing interpretation of the plateau (and hence of radiative Figure 2: Curves of constant N e (solid) and constant φ 0 (dashed, with boxed labels) in quartic plateau models, in terms of r and n s , for different choices of the deformation parameters b 1 , b 2 , and choosing the branch of solutions giving larger φ i /φ 0 < 1. The value of A s has been fixed to 2.142 × 10 −9 . The white regions are forbidden corrections) as being capable of bringing standard chaotic quartic inflation back into the allowed region of parameters. Notice that a radiatively modified monomial potential that becomes unstable at large field values can also fit the data, see e.g. [33] [34] [35] . Figure 3 shows several examples of successful quartic potentials that produce a spectrum of primordial perturbations compatible with the current data and enough inflation. In all of these examples φ i < φ 0 . Qualitatively, the two branches differ in the role of the plateau on the inflationary dynamics. While the plateau (or lack thereof) is actually inessential in the high-r branch, it is crucial on the low-r branch. This is can be seen explicitly comparing the left (high-r) and right (low-r) panels of Figure 3 .
To end this section, it is important to highlight that, in view of the requirements imposed by current data, the preference for non-zero deformation parameters (b 1 and b 2 ) means that an approximate (and Table 1 . Left: potentials in the high-r branch illustrated in Figure 1 . Potentials of this kind predict high r, high N e and low n s . Still, they are currently allowed by the data. The vertical line (at 16.5M P ) indicates the (approximate) common location of φ i . For comparison we show a potential with an evident false vacuum (green, long-dashed) and an unstable potential (brown, longdashed). All these potentials have similar predictions independently of their shapes at higher field values. The dots in the exact plateau examples (continuous-blue (1) and dotted-black (3), see Table 1 ) locate φ 0 for those cases. Right: two examples of potentials in the low-r branch, as in Figure 2 . Potentials of this type provide a comfortable fit to current data. The dots indicate the field values φ 0 , φ i and φ e in each case, from right to left. For comparison, black dotted lines represent the corresponding quartic monomials (without the radiative corrections). The potentials of both panels have A s (φ i ) = 2.13 × 10 −9 and vanish at φ = 0.
hence more generic and less fine tuned) quartic plateau performs better than an exact plateau (with
. In summary, generic quartic plateaus with a significant deviation from the conditions (2.1) describe well the current CMB observations (and are preferred by the data).
Quadratic plateau
We consider now the potential
where, as in the quartic case, b 1 and b 2 parametrize the plateau's deformation. As before, we find two branches of solutions with φ i < φ 0 for b 1 and b 2 different from zero. Again, one of the branches, which includes the b 1 = b 2 = 0 case, has larger values of r, as shown in Fig. 4 . In this case there is less tension with data than in the quartic plateaus, since a purely quadratic monomial predicts a lower r than a quartic one. Successful inflation with 50 < N e < 60 is attainable with b 1 = b 2 = 0. In analogy to the quartic case, increasing b 1 and lowering b 2 reduces the number of e-folds. The second branch of solutions, with larger values of φ i /φ 0 , is illustrated in Figure 5 . In this branch, the values of r are much lower than 0.1. The plateaus of both branches can easily reproduce the central values measured for A s and n s with N e around 50-60.
In the high-r branch, the distance travelled by the inflaton for 40 N e 70 is between 7-17 M P approximately, with inflation ending around 0.7M P , and φ 0 greater than ∼ 8M P . In the lowr branch, the typical distance covered by φ is about 4-10 M P , with inflation ending near 0.5M P , and with φ 0 > 5M P . The values of m 2 needed for inflation are around 10 −12 M P in both branches. Figure 3 , respectively. The primordial functions n s , r and α are evaluated at φ i . In all cases, A s (φ i ) = 2.13 × 10 −9 . The quartic coupling λ and the deformation parameters b 1 and b 2 are given at the plateau scale φ 0 . The quantity N e denotes the number of e-folds from φ i to φ e , where inflation ends. Table 2 : Examples radiatively corrected quadratic potentials. The potentials 1-5 and 6, 7 correspond to the left and right panels of Figure 6 , respectively. The primordial functions n s , r and α are evaluated at φ i . In all cases, A s (φ i ) = 2.13 × 10 −9 . The mass squared m 2 and the deformation parameters b 1 and b 2 are given at the plateau scale φ 0 . The quantity N e denotes the number of e-folds from φ i to φ e , where inflation ends.
These are similar to those required in the standard φ 2 monomial inflation, for which r 8/N e and φ i /M P 2 √ N e , yielding r 0.13 and φ 15M P with 60 e-folds of inflation. As in the case of quartic potentials, the location of φ i with respect to φ 0 is qualitatively different in the two branches. While the existence of a plateau is not relevant in the high-r branch (since it appears away from the region where inflaton happens), it is instead a key ingredient for inflation on the low-r branch. This is can be seen explicitly comparing the left (high-r) and left (low-r) panels of Figure 6 .
Radiative corrections leading to plateaus (even if they do not produce exact plateaus) help to render quadratic chaotic inflation compatible with the observations, without requiring a very fine tuning of the parameters at the two-loop level. In Appendix A we generalize the structure of quadratic (and quartic) plateaus to radiatively corrected potentials with coefficients of arbitrary sizes, highlighting the three independent parameters at order log 2 in the expansion. 
Particle physics realizations
In this section we identify particle physics models that can support quartic (2.7) or quadratic (2.12) plateaus. In order to do so, we look for (perturbative) solutions of the plateau conditions (2.6) or (2.11) with specific Lagrangians. These equations indicate that, if one strives for accuracy, the three coefficients λ(φ 0 ) (or m 2 (φ 0 ) in the quadratic case), c 1 (φ 0 ) and c 2 (φ 0 ) should in principle be computed at the same loop level. Unfortunately, the one-loop approximation is insufficient because c 2 is zero at that order. Moreover, obtaining the two-loop effective potential in realistic models with several fields can be rather daunting. Nevertheless, for the purpose of proving the viability of a plateau in a given particle physics model, it is sufficient to use the one-loop renormalization group (RG) improvement of the tree-level potential. This approximation comes at the cost of a lower precision in the description of the plateau, but does not undermine our goal of identifying the models that can support one. We recall that the one-loop RG-improvement of the tree-level potential, corresponds to a resummation of the potential at leading log order, i.e. the N -th log is rendered with N loops, and therefore each coefficient of the resummed potential comes with a different precision.
Since the plateau conditions are two equations, they can be used to express two of the couplings of a Lagrangian (that has been shown previously to be able to support a plateau) in terms of the rest of the couplings. 11 As we will soon see, in order to obtain the first non-vanishing contributions to these two Table 2 . Left: potentials in the high r branch illustrated in Figure 3 . The vertical line (at 9.7 M P ) indicates the (approximate) common location of φ i . These potentials provide a comfortable fit to the data. The vertical line (at 9.7M P ) indicates the (approximate) common location of φ i . The potentials have similar predictions independently of their shapes at higher field values. The dots in the exact plateau examples (continuous-blue (1) and orange long-dashed (5), see Table 2 ) locate the inflection point φ 0 for those cases. Right: two examples of potentials in the low r branch, as in Figure 1 . The dots indicate the field values φ 0 , φ i and φ e in each case, from right to left For comparison, black dotted lines represent the corresponding quartic monomials (without the radiative corrections). The potentials of both panels have A s (φ i ) = 2.13 × 10 −9 and vanish at φ = 0. Both branches provide good fits to current CMB data.
couplings at the plateau scale, we need to use the one-loop potential and the one-loop beta functions. Getting both couplings with the same level of precision requires the two-loop improvement of the oneloop effective potential, which gives each coefficient of the logarithmic expansion at next-to-leading log order [68] , i.e. the N -th log in the effective potential is given with N + 1 loop precision.
Once we have chosen a specific particle physics model, we may look for solutions of the plateau conditions (2.6) or (2.11) in a perturbative expansion. For this it is convenient to write the couplings γ i of the Lagrangian 12 as a formal series in κ = 1/(16π 2 ), which helps to keep track of the perturbative order of the expansion: 13
In this expression the couplings of the model are understood to be evaluated at the scale µ 0 = εφ 0 . For simplicity, we remove µ 0 from the notation, but it has to be remembered that the conditions that we will obtain on them refer only to their values at this scale. We also remind the reader that, as discussed in Section 2, the effective quartic coupling and its derivatives: λ(φ 0 ), β λ (φ 0 ) and β λ (φ 0 ) are defined at φ 0 by construction, but in the following we will denote them simply as λ, β λ and β λ . 14 We use the same notation with superscripts to expand the beta functions of the couplings:
2) 12 In practice, at the end of our computations, we will only express in this way the two couplings of the Lagrangian that we choose to solve for and the effective quartic or quadratic coupling of the potential. 13 An N -th loop term in a loop expansion of the potential comes with a factor κ N and, analogously, each contribution to a beta function coming from an N -loop term appears with the same power of κ.
14 At any other scale, the RG equations (even at just one-loop order) generically mix the coefficients of different orders in κ. Therefore, care must be taken to avoid misinterpreting the expression (4.1) as an expansion of the couplings in loops.
where each β . We can express the beta function β γ i as a sum of its loop contributions: β γ i = β 1l γ i + β 2l γ i + · · · , where β nl γ i carries n powers of κ. Then, expanding in Taylor series:
we obtain
Similarly, we can expand in powers of κ the effective quartic coupling, λ, and the effective mass squared, m 2 , of the potentials (2.2) and (2.10). For concreteness, we will focus now on a quartic plateau; but analogous arguments apply to the quadratic case. We define λ (N ) through the relation
We stress that the coupling λ is different from the nominal quartic coupling of the Lagrangian, which we denote byλ and which we can also expand aŝ
The couplingλ is by definition just one among all the γ i introduced earlier. At lowest order in κ, the two couplings, λ andλ, coincide, i.e. λ (0) =λ (0) , but they differ at linear order in κ and beyond. As discussed in Section 2, the coefficients c 1 (φ 0 ) and c 2 (φ 0 ) of the radiatively corrected quartic potential are related to the beta function of the effective quartic coupling and its derivative with respect to the renormalization scale µ, so the plateau conditions (2.6) can be rewritten as
These two equations can in principle be used to determine two of the couplings of any model in terms of the rest of the couplings. In what follows, we will drop again φ 0 from the notation for brevity. Since any beta function β γ i = ∂γ i /∂ log µ is zero at order κ 0 by definition, the quantity β i , see (4.4) . Analogously, β λ is zero at order κ (and κ 0 ) because β λ = ∂β λ /∂ log µ = i β γ i ∂β λ /∂γ i . Then, using β coincides with the zeroth order effective quartic coupling λ (0) , we conclude that alsoλ (0) = 0. Asλ and λ differ already at order κ, their beta functions can start to be different only at order κ 2 , and so β
The conditions (4.7) imply as well that β λ = 16λ, that in turn leads to β (2) λ = 16λ (2) , which is the first non-zero contribution to the effective quartic coupling. In addition, given that β λ is zero below the order κ 2 , we know that β i . Besides, the derivatives β λ and β λ differ only by terms of order κ 3 and higher, which means that β
Furthermore, β λ = ∂βλ/∂ log µ = i β γ i ∂βλ/∂γ i and so, using β (2) λ = 16λ (2) , we see that the one-loop beta functions β (1) γ i are sufficient to compute the first (non-zero) contribution to the effective quartic coupling at the plateau. This amounts to a one-loop RG-improvement of the tree-level potential, which captures c 2 (φ 0 ) = β λ (φ 0 ) and c 1 (φ 0 ) = β λ (φ 0 ) with leading log precision, i.e. at orders κ 2 and κ, respectively.
The previous discussion shows that in order to establish whether a model admits a plateau it is necessary to check that β (1) λ = 0 should have a non-trivial solutions for which λ (2) = β (2) λ /16 is positive. The tree-level effective potential plus the one-loop beta functions are sufficient for this purpose. However, describing the plateau in terms of the couplings of the Lagrangian, requires additional corrections to the potential or the beta functions, as discussed next.
As we mentioned before, the equations (4.7) allow to express two couplings of the model in terms of the rest of them. For convenience, we select one to beλ (orm 2 in the quartic case) and the other can be arbitrarily chosen. In order to obtain the first non-zero contribution to the tree-level quartic coupling that is needed for a plateau,λ (1) , we can use the equation λ (1) = 0. This requires knowing the order κ relation betweenλ and λ, which can be obtained from the one-loop effective potential. The second equation in (4.7) involves β (2) λ , which depends on the zeroth and first order contributions to the couplings. This second equation allows to express the order κ contribution to any coupling we choose in terms of the rest. Sinceλ (1) is already fixed by λ (1) = 0, we can then express through that equation any other coupling at order κ. This requires knowledge of the beta functions at two-loops.
In concrete models, in order to identify the effective quartic coupling at the plateau scale, one can proceed by performing a large field expansion of the one-loop Coleman-Weinberg potential, keeping only the (logarithmically corrected) quartic terms and setting µ = ε φ, see Section 2. With this choice, the logarithmic corrections get resummed in the running of the couplings. This allows to identify immediately the effective coupling λ from the coefficient of the surviving φ 4 term. In the quadratic case it is necessary to impose that the effective quartic and cubic terms are suppressed, and again, setting µ ∝ φ allows to identify the effective mass parameters m 2 . We consider quartic plateaus in Section 4.1, while quadratic plateaus will be studied in Section 4.2. In all the examples that we study below, we provide the expression for λ (2) (or m 2(2) ), which is the first non-vanishing contribution to the quartic (or quadratic) effective coupling at the plateau. We recall that the plateau conditions generically allow to express two of the couplings of the Lagrangian in terms of the rest, which can then be regarded as input parameters. Therefore, in the examples that follow we also give the expressions at the plateau of bothλ (orm 2 ) and another coupling (that we choose conveniently in each case).
Quartic inflation
Here we discuss the minimum ingredients for models in which a quartic plateau (2.7) can be realized. As we just explained, the minimum necessary conditions for a plateau (that is exact at two-loops) are β 0 for approximate (i.e. deformed) plateaus, but the second is always necessary. We start by considering a generic model in which the (scalar) inflaton φ couples to Weyl fermions with Yukawa couplings δ a (a = 1, . . . , N ) and to gauge fields with couplings g A (A = 1, . . . , N g ), as well as to other scalars. We will denote scalar quartic couplings of the Lagrangian -either self-interactions or mixed ones-asλ α (α = 0, . . . , N s ). In particular, the coupling of the quartic self-interaction of the inflaton will beλ 0 ≡λ, following the notation of the previous section. Assuming that that cubic interactions can be forbidden or ignored, where the fermionic, gauge, and scalar quartic contributions are
We are implicitly assuming a mass-independent subtraction scheme such as MS, which is the concrete scheme that we use in all the examples that follow. Then, the beta functions are given by polynomials of positive powers of the masses and couplings (having the appropriate mass dimension). This implies in particular that the beta functions of quartic couplings, which are dimensionless, can only depend on dimensionless couplings. In order to understand the signs of the different contributions to (4.8) it is useful to notice that the freedom of redefining the fermion fields through a rotation of their phase, allows to choose the Yukawa couplings to be positive. In fact, the phases of fermion fields do not affect the beta functions of the scalar quartic couplings and masses. This is so because in a diagram with closed loops of Weyl fermions, in which the fermionic phases only enter through the Yukawa couplings and the fermion propagators, the rephasing of one fermion field produces anti-correlated changes between either a pair of Yukawa couplings or a Yukawa coupling and a fermion propagator, giving a net zero effect. Regarding the gauge couplings, they can always be taken positive, and this choice is radiatively stable because the beta functions of the gauge couplings are proportional to the couplings themselves. The quartic couplings are assumed to be non-negative, which ensures stability of the tree-level potential in all field directions.
The various types of diagrams that contribute to βλ at one-loop are illustrated in Figure 7 . Given the signs of the different contributions, if the inflaton only coupled to fermions the potential would become unstable at large field values, 15 whereas if it only coupled to bosons it would be monotonically increasing. In any of the two cases a plateau would be impossible. In addition, since the condition λ (0) = 0 must be satisfied, the terms ∆λ αβ that receive contributions from the inflaton's self-coupling vanish at leading order in κ. The same happens with the term that depends on the anomalous dimension γ φ . Therefore, we can already conclude that a plateau requires that the inflaton couples to fermions and also to gauge fields or additional scalars (different from the inflaton itself). In the second case, the couplings between the new scalars and the fermions have to be small enough, so that the quartic self-couplings of the scalars are not driven to negative values, in such a way that the contributions ∆λ αβ remain non-negative.
We then have to look for solutions of the equation βλ = 0, using the expression (4.8), with all the couplings replaced by their contribution at order κ 0 , and imposing in particular thatλ (0) = 0. The second condition necessary for the plateau is that β 15 A model consisting of a singlet inflaton and singlet fermions has been studied in the literature before [33] [34] [35] . There, the fermions may give rise to hilltop-like inflation with an unstable potential. Given thatλ (0) = β (1) λ = 0 at the plateau, the dominant contributions to β λ (2) come from three different kinds of terms:
If the fermions are not charged under a gauge group, the first of these terms is negative. This follows from the fact that ∆ δ abcd involves products of four Yukawas with a negative coefficient, 16 and because if the fermions are gauge singlets the beta functions β δe involve cubic powers of the Yukawas with positive coefficients. However, if the fermions are charged under a gauge group, the functions β δe receive negative contributions involving the gauge couplings, so that the net contribution to β λ may be positive. The second type of contributions in (4.10) are positive if the inflaton is charged under a U (1) gauge group, (otherwise they are negative for non-Abelian groups) because ∆ g ABCD > 0 and β g E > 0. Finally, the last class of contributions will be positive if βλ α > 0. As mentioned before, the terms of this third contribution will be suppressed (or vanishing in an exact plateau) wheneverλ 0 (corresponding to the inflaton's self coupling) is involved. However, additional scalars interacting with the inflaton give positive contributions provided that the beta functions of their associated quartic couplings remain positive, which will happen if they do not couple to fermions or do so weakly. 17 From the previous discussion we conclude that in order to achieve a plateau it is sufficient that the inflaton couples to fermions and either: 1) another scalar with weak fermionic couplings, or 2) a U (1) gauge group.
In any of the two cases, a unique Weyl fermion can be sufficient if it is a singlet or if it belongs to a real representation of the gauge group. Otherwise, anomaly cancellation demands several fermionic species. 18 We will now look into concrete examples of the cases 1) and 2) separately.
A singlet inflaton coupled to the Higgs and new fermions
The models of the first kind that can develop a plateau consist of a singlet inflaton coupled to an additional scalar and one or more Weyl fermions. We will consider here the possibility of charging 16 See equation (4.8). 17 The beta functions of the quartic couplings of the additional scalars will have the same form as (4.8), so that negative contributions will be suppressed if the couplings to fermions are small. 18 Note that in the U (1) case, a Weyl fermion in a real representation can be written in terms of multiple fermions with different charges.
the fermions under a U (1) gauge group, although this is not a necessary condition for achieving a plateau. The reason is that this slight complication can help to satisfy the plateau equations because the destabilizing effect of the Yukawa couplings on the running of the effective quartic coupling of the inflaton may be tamed or compensated by the gauge coupling. This is because fermions charged under a U (1) give positive contributions to β λ . Motivated by the requirement of reheating the universe after inflation and aiming to minimize the number of fields beyond those of the SM, we choose the extra scalar to be the SM Higgs and the U (1) group as the SM hypercharge. We then consider N pairs of Weyl fermions {ψ i , ψ i }, i = 1, . . . N with opposite hypercharges q and −q. Assuming in addition a global SU (N ) symmetry for the new fermions, the Lagrangian has the terms
where we denote collectively all the fermion pairs by {ψ, ψ}. In the expression (4.11) we have included all the possible renormalizble self-couplings of the inflaton (l 1 , l 3 , etc.) and to the Higgs. Indeed, once a Yukawa coupling between the inflaton and the fermions is present, linear and cubic terms for the singlet scalar have to be included as well. Nevertheless, it is possible to impose renormalization conditions enforcing that the physical linear and cubic terms -defined in terms of derivatives of the effective potential-vanish at any chosen scale. In this way we can focus in practice on the case in which the quartic interactions dominate, as it is appropriate for a quartic plateau. Enforcing these conditions is by no means strictly necessary for the generation of a plateau, but we will do it here for simplicity.
The two-loop beta functions of the couplings present in (4.11) can be obtained from the expressions of Appendix B.1. 19 From the one-loop Coleman-Weinberg potential, we can immediately obtain the effective quartic coupling of the inflaton, λ(φ 0 ) (denoted for simplicity λ below) as explained in Section 4:
Here Z φ denotes the field renormalization factor due to the RG, and we use the notation log x ≡ log (x/ε 2 ). (4.13)
All the couplings on the right hand side of (4.12), as well as Z φ , are understood to be evaluated at the scale µ 0 = εφ 0 . Z φ can be set equal to 1 at the reference scale without loss of generality, and we will do so in what follows. However, its scale dependence (given by γ φ = −µ/Z φ ∂Z φ /∂µ) has to be taken into account to compute β λ from (4.12) and from the beta functions of Appendix B.1. Knowing the effective quartic coupling and its beta function, we can solve the plateau conditions (2.6) using the expansion (4.1). In particular, we choose to solve them expressingλ and λ φH in terms of the rest of the couplings, obtaining:
With these expressions, the condition λ (1) = 0 is indeed satisfied. The effective quartic coupling at the plateau, λ = κ 2 λ (2) + · · · , is
where λ H is the Higgs quartic coupling, with the convention
for the Higgs potential. As we anticipated, a U (1) charge for the fermions helps to make λ > 0 and thus realize a plateau. For instance, setting N = 1 and replacing the SM couplings with their values at 0.1 M P , we get λ 4y 4 κ 2 4 q 2 + 3 y 2 − 1 . If the charge is zero, λ is positive for y 1/ √ 3. Instead, for q = 0 smaller values of the Yukawa coupling are allowed and there is an extra lever to get the right order of magnitude for λ ∼ 10 −13 , as it is needed for viable inflation. With q = 1 one may for example have y ∼ 0.004. In the case q = 0 the inflaton-dependent mass stays below the Planck mass m P during inflation.
We conclude that a singlet real scalar φ coupled to the Higgs and to generic Weyl fermions charged under U (1) Y , can provide successful radiative plateau inflation. The same holds true if the U (1) gauge group corresponds to a hidden sector, in which case the non-SM fermions might play the role of WIMP dark matter. In that case, matching the right thermal relic abundance requires their mass scale (for φ = 0) to be around the TeV scale. 20 We also remark that these results show that a real scalar coupled to a single Weyl fermion and to an another (generic) scalar is a sufficient minimal set-up that can produce a successful quartic inflationary plateau through radiative corrections.
An inflaton charged under a U (1) gauge group and coupled to fermions
In the second type of simple models that allow a quartic plateau, the prospective inflaton is part of a complex scalar charged under a U (1) gauge group and is coupled to fermions. In this case, the gauge invariance of the Yukawa interactions of the inflaton demands that some of these fermions (and possibly all of them) must be charged under the same U (1) as the inflaton.
The SM case (and why it cannot support plateau inflation)
The SM Higgs is charged under the hypercharge group, U (1) Y , and is coupled to three generations of fermions; most strongly to the top quark. Therefore, the SM possesses the ingredients to produce a plateau. As it is well known, a plateau can indeed appear in the effective potential of the SM at high scales ∼ 10 18 GeV, provided that the mass of the top quark is appropriately tuned with respect to that of the Higgs. 21 Here we show explicitly how the SM can satisfy the plateau conditions, and why it fails to provide successful inflation, as already pointed out, e.g. in [38] . 20 Since the fermion mass scale M in the case of a hidden U (1) satisfies M ∼ 1 TeV MP , it is consistent with the large-field approximation (and the choice µ = φ) that yields (2.2). 21 For a Higgs mass m h 125 GeV [73] , the value of mt needed for a plateau is in the range mt 171.0-171.5 GeV [74, 75] , with a theoretical uncertainty around ±0.5 GeV [75] . Some of the most recent experimental results allow this possibility. The value mt = 171.5 ± 0.5 GeV is roughly within 0.5σ-2σ of the CMS result mt = 172.38 ± 0.10(stat.) ± 0.65(syst.) GeV [76] , and within 1σ-2σ of the ATLAS result mt = 172.99 ± 0.48(stat.) ± 0.78(syst.) GeV [77] . We write the tree-level Higgs potential as in (4.16) , where the Higgs SU (2) doublet, H, contains the (would-be inflaton) real part of the neutral component, h, as well as the Goldstone modes, i.e.
In the MS scheme, the effective quartic coupling λ of h can be written (for large h) as in the expression (4.5), where the tree-level contribution is λ (0l) = 3Z 22 In this expression we are neglecting all fermion contributions except the one of the top quark. We choose the top Yukawa coupling, y t , and Higgs quartic coupling, λ H , to be the couplings that we determine from the plateau conditons, 23 expanding them in κ. The first non-zero terms of the κ expansions of these couplings are: As before, the couplings in these expressions are implicitly evaluated at the scale µ 0 = εφ 0 . Using the two-loop RG improvement of the one-loop effective potential and assuming a Higgs mass m h = 125.09 GeV [73] , we find that the plateau requires m t = 171.75 GeV and is located at h 0 = 1.8 × 10 18 GeV, with y t (h 0 ) = 0.3815, see [40] . The simple formulae above can reproduce this result to within ∼ 1% accuracy. In Appendix C we provide the O(κ) corrections, which reduce the difference to just ∼ 0.01%.
At the plateau, λ (0) and λ (1) vanish and the first non-zero contribution to λ comes from λ (2) = 72 y As we have seen in Section 3, a successful quartic inflationary plateau requires φ 0 ∼ 10 M P and 20) where the renormalization scale µ 0 is proportional to the plateau location φ 0 by some small ( 1) positive constant whose precise value can be chosen according to the induced inflaton-dependent masses. Substituting in (4.19) the RG values of the couplings, choosing µ 0 = 0.1M P , leads to λ(µ 0 ) ∼ 10 −5 , which is many orders of magnitude above the value of 10 −13 yielding successful inflation. This confirms the well-known result that the plateau scenario in the SM fails to provide adequate inflation [38] . Using (2.4), the relation (4.20) corresponds to a value of the quartic coupling at the scale of the top mass of the order of ∼ 10 −12 , which is much smaller than the value demanded by the measurements of the actual Higgs mass. Given this, and the sizable contributions of the top Yukawa and gauge couplings to the corresponding beta function and its derivatives in the SM, we can conjecture that a possible solution that would allow the Higgs to be the inflaton in a plateau (without requiring a coupling to the scalar curvature as in [78] ) could come from a new high-energy threshold. Beyond this threshold there would be new contributions to the beta functions that would nearly cancel those of the top Yukawa and gauge couplings, leading to the relation (4.20) . Since such cancellation should affect not only β λ but also β λ , this threshold would likely entail an enlarged approximate symmetry, 24 possibly linking the values of gauge and Yukawa couplings. We do not attempt to construct such a model here.
Inflation from a complex scalar charged under a hidden U (1)
We can consider models in which the inflaton comes from a complex scalar other that the Higgs and for which the plateau arises thanks to the interplay between Yukawa and gauge couplings. The SM results already suggest that it should be fairly easy to find viable examples. For instance, setting g 2 = g 3 = 0 in the SM solution (4.19) we get λ (2) ∼ g 1 6 . Then, the required value of the effective coupling at the plateau, λ ∼ 10 −13 , can be obtained with g 1 ∼ 0.05. Now, we will focus on the question of whether a viable inflationary plateau can arise in models whose field content is much simpler than that of the SM. We can consider, for instance, a complex scalar, φ, coupled to vector-like fermions, ψ andψ i , with charges ±q under a new U (1) gauge group with gauge coupling g:
Gauge invariance demands the inflaton to have charge 2q under the U (1) group. The effective quartic coupling in the direction of the real part of φ is given by λ (0l) = 3Z 4 φλ and
whereḡ 2 ≡ 4q 2 g 2 . Choosingλ and y as the couplings to be solved from the plateau conditions, the final result for λ (2) ends up being . Interestingly, if the Higgs portal coupling, λ φH , vanishes, it can be checked that λ (2) cannot be positive. This is because the first type of contributions in (4.10) are negative despite the positive contributions from the gauge coupling, once the relation of the latter to the Yukawa couplings is fixed by imposing β There are however examples which are only slightly more complicated and circumvent this difficulty by mimicking the SM case, in which there are several species of fermions with different U (1) charges. In particular, adding N pairs of fermions {χ,χ} with charges ±q is enough for this purpose. To simplify the Lagrangian, we impose an SU (N ) × SU (N ) symmetry that forbids tree-level masses for the fermions but allows Yukawa couplings with the inflaton: The one-loop part of the effective quartic coupling in this case is
where we have denoted the U (1) charge of the inflaton as q s ≡ q −q. To show that indeed λ φH is not needed to realize the plateau in this case, we will set it to zero. For simplicity, we also setỹ = 0, but we emphasize that turning on these couplings at any scale does not impede the appearance of the plateau. We proceed as we did for the SM and solve forλ and the Yukawa coupling y in a expansion in the parameter κ, obtaining
It can be checked that λ (0) = λ (1) = 0, as required, and
In contrast to the singlet inflaton case of Section 4.1.1, the solution for λ (2) does not depend on any SM couplings. This is because the stabilizing role of the Higgs portal coupling in Section 4.1.1 is now played by the hidden U (1). The expression (4.27) shows that λ (2) > 0 can be obtained with a small g, even in the simplest case in which we set N = 1, q = 1 andq = 0. There, λ ∼ 10 −12 can be achieved with g ∼ 0.025. This again yields inflaton-dependent masses below m P during inflation. Another possibility is to identify the U (1) gauge group of (4.24) with the SM hypercharge group. In the limit of λ φH =ỹ = 0, the effective quartic coupling of the inflaton is: 25
If we choose N = 1 andq = 0 and we set the value of the SM g 1 coupling at µ = 0.1M P , i.e. g 1 ∼ 0.6, we obtain λ ∼ 10 −13 for weakly charged fields with q ∼ 0.01. To summarize, a plateau stabilized by a U (1) requires that at least two pairs of (Weyl) fermion species are charged under the U (1). These charges can be integer if the U (1) is Hidden from the SM. If the U (1) is instead the one of the SM hypercharge, the absolute values of charges of the fermions have to be much smaller than 1. 25 The coupling λ (2) is not just a straightforward substitution of g for g1 in (4.27), given the different beta functions. 
Quadratic inflation
In the quadratic case, assuming negligible effective quartic and cubic interactions for the range of field values relevant for inflation, the plateau conditions of (2.11) imply
where we are using a notation that parallels that of the quartic case. Arguing also in an analogous way, the minimal requirements for a quadratic plateau are given by β where
The relevant diagrams are illustrated in Figure 8 . As in the quartic case, we are implicitly assuming a mass-independent subtraction scheme such as MS (which is indeed the scheme we use in the formulae below). However, now the gauge couplings only enter through γ φ . The fermionic contributions to β m 2 are independent of the phases of the fermion fields. The fermion masses can be chosen to be positive, so that the contributions Q δ IJab in (4.31) and (4.32) are negative. The conditions β (1)
m 2 = 0 and m 2(0) = 0 of (4.29) can in principle be satisfied if the model contains massive scalars aside from the inflaton (interacting with it through portal couplings), as well as fermions with tree-level mass terms. An example is the Lagrangian (4.11), that we studied in Section 4.1.1. There, the field H was identified with the Higgs, but as we will shortly see, this identification cannot work in the present case.
The effective mass squared up to the one-loop level is
The plateau conditions can be used to expressm 2 and λ ϕH in terms of the rest of the parameters. The tree-level quartic couplingλ at the scale µ 0 = εφ 0 can be fixed at order κ by demanding that the effective quartic interaction λ of (2.2) vanishes at φ = φ 0 , guaranteeing that the potential is indeed dominated by the quadratic terms. Similarly, we also require that the effective cubic couplings are zero. The first non-vanishing contribution to the effective mass squared at the plateau is
where, for the sake of simplicity, the only fermionic contribution from the SM that we have included is that of the top quark. Since in the SM the parameter m 2 H is negative, and its absolute value is much smaller than the scale of 10 13 GeV required for m 2 for inflation, it is not possible to get a successful plateau. For sufficiently high values of M , the last term of (4.34) dominates, dragging m 2 (2) to negative values. We could hope to solve the problem with an extremely small value of the Yukawa coupling y but that leads to a very small ratio m 2 /M 2 and in practice there is no viable solution. A simple possible way out is to rely on a scalar field different than the Higgs, allowed to have a positive mass term. Therefore we enlarge the model of Section 4.1.1 with an additional real scalar ϕ, charged under a discrete Z 2 symmetry, having in addition to (4.11) the following interactions:
As before, provided that the quartic and cubic couplings of the inflaton φ are negligible at a certain scale, we can look for solutions to the quadratic plateau equations. For simplicity we also assume that λ φH , l φH and λ ϕH are negligible, but we note that if they take non-zero values they can aid to form the plateau. The effective mass squared in this enlarged model is then of the form (4.33) with the replacement 2λ φH m 2 H (log λ φH /2 − 1) → 1/2 λ φϕ m 2 H (log λ φϕ /2 − 1) . Solving form 2 and λ φϕ we obtainm 2(0) = 0 and λ
The dominant contribution to the effective mass parameter of the inflaton at the plateau can be written as
In this case one can easily get positive values of m 2(2) for positive m 2 ϕ and non-zero q. The quadratic plateau will be viable as long as the effective quartic interaction can be consistently ignored for the values of the fields relevant for inflation. Imposing that the quartic coupling has to be negligible at the plateau, the beta function of the quartic coupling can be estimated to be 3κ(λ 2 φϕ − 16N y 4 ) = 48κN (36N M 4 /m 4 ϕ − 1)y 4 . In this way, the quartic interaction of the inflaton is approximately
Note that the sign of the quartic interaction is positive for φ > φ 0 , so that the potential stays stable for larger values of the fields. One can get constraints for the parameters demanding for example that the quartic interactions are suppressed by a factor of 10 with respect to the quadratic interactions in the range of φ relevant for inflation, M P φ 10M P . As an illustration we fix λ ϕ = 0.1, N = q = 1, and substitute g 1 by the SM value at the scale of 0.1M P , g 1 (0.1M P ) = 0.594. Enforcing κ 2 m 2(2) ∼ 10 26 GeV as required for inflation fixes a relation between y, M and M 2 /m 2 ϕ , so that the condition on the suppression of the quartic interaction can be recast as a lower bound on M for a fixed value of M 2 /m 2 ϕ . Once m 2 is fixed, increasing M in (4.37) forces a decrease in y, so that the quartic interaction of (4.38) will be more suppressed. Choosing M 2 ∼ m 2 ϕ yields then M 5 × 10 17 GeV. This in turn yields y ∼ 5 × 10 −4 , which sources inflaton-dependent masses below m P for the field values relevant for inflation. We have checked that similar bounds apply for the mass scales M or (m 2 ϕ ) 1/2 for 0.1 < M 2 /m 2 ϕ < 10. Therefore, the quadratic plateau is viable when the inflaton couples to a massive scalar, other than the Higgs, and to fermions. Both types of fields must have large masses to make the quadratic approximation to the potential consistent.
Conclusions
The latest CMB data favours flat inflationary potentials and constrains the tensor-to-scalar ratio of primordial fluctuations, r, to be smaller than ∼ 0.11. 26 We have shown how inflationary plateaus with these features can arise from radiative corrections to simple quadratic or quartic potentials.
In the absence of quantum corrections, monomial chaotic inflation is strongly disfavoured by the data. However, loop corrections from couplings to other fields can change significantly the predictions of such simple models, allowing them to become compatible with the observations. Such couplings are generically required for reheating the universe after inflation.
We have provided a concise, model-independent, analytic description of the effects of radiative corrections, and we have analyzed their effects on inflation. So far, the studies of loop corrections in monomial chaotic inflation have mainly focused on fermionic loops [33] [34] [35] [36] , which can destabilize the inflaton's potential at large field values. We have considered a more general approach, including gauge bosons and extra scalars, with the aim of studying the possibilities leading to a stable potential with an exact or approximate plateau, as the CMB data points to.
We find that the exact (two-loop) quartic plateau is in tension with Planck data, while the analogous quartic case gives predictions compatible with the observations. Allowing for deviations from an exact plateau, and hence alleviating the tuning of the underlying models, the potentials we consider can easily reproduce the primordial cosmological parameters, while at the same time generate an adequate number of e-folds. Our results can thus be interpreted as bringing life back to chaotic quadratic and quartic inflation after the last burial sentence from Planck.
In both cases -quadratic and quartic-the plateaus are potentials with three parameters, that can be easily fitted to the data. 27 These potentials are distributed on the parameter space on two distinct regions, which can be distinguished from each other by their comparatively larger or smaller values of r. The viable potentials in the high-r branch contain not only (exact and approximate) plateaus, but also a wider range of behaviours, including unstable potentials. In the branch with lower values of r, the plateau shape is needed for successful inflation and r is typically of the order of 10 −3 , within the reach of upcoming experiments.
We have discussed how these plateaus can arise from two-loop radiative corrections, determining the precision required to describe the values of the parameters of the underlying model. We have shown that a one-loop improvement of the tree-level potential is sufficient to determine whether a plateau is possible in any given particle physics model. If the plateau does indeed exist, the one-loop beta functions, in combination with the one-loop effective potential, allow to calculate analytically the first non vanishing contributions to the parameters of the Lagrangian at the chosen renormalization scale.
We have constructed specific models with the minimal particle content that is necessary to support a viable inflationary plateau. In the quartic case, a plateau requires the inflaton to couple to fermions, and to either an additional scalar or to a U (1) gauge field. In the case of a coupling to an extra scalar, this field is required to couple weakly to all the fermions. The Higgs field could play the role of this scalar and we have shown that charging the new fermions under the U (1) of hypercharge helps to realize the plateau, although this is not required. If the new fermions are charged under a new U (1), instead of hypercharge, they could play the role of WIMP dark matter.
In the case in which the inflaton does not couple to another scalar and the plateau is instead made possible thanks to U (1) gauge interactions, the fermions must appear in representations of the U (1) group with different absolute values of their charges. The Standard Model falls into this category of models, although it is certainly not the most minimal one and fails to provide adequate inflation as it predicts too large an effective quartic coupling at the scale of the plateau. We have provided explicit constructions of minimal U (1) plateau quartic models involving four Weyl fermions coupling to the inflaton. If the U (1) is identified with SM hypercharge, the new fermion species have to have very small charges, whereas integer charges are possible in the case of a hidden U (1).
We have also described a basic structure for models leading to quadratic plateaus. These models involve again an additional scalar and fermions. In contrast to the quartic case, the Higgs cannot be the scalar coupling to the inflaton, because of its low mass in comparison to that of the inflaton. In order for the quadratic plateau to provide adequate inflation, while ensuring that the quadratic approximation to the potential remains valid, the fermions and the scalar coupling to the inflaton have to be very heavy, with masses around 10 17 GeV, although this value can be reduced depending on the smallness of the Yukawa couplings.
We have thus presented a way of rescuing monomial chaotic inflation which is motivated by the need of a connection between the inflaton and the SM for reheating the universe. The models of inflation that we have described require an unnatural hierarchy between the effective coupling, its beta function and the first derivative of the latter at the plateau scale. For instance, in the quartic case this is: λ ∼ β λ ∼ β λ . In this respect, it has to be noted that there is also an (implicit) tuning in most monomial chaotic models of inflation. Assuming renormalizability of the potential, the least unnatural among these is φ 4 , since this is the contribution that would dominate at large field values, but standard φ 4 inflation is clearly ruled out by the data. It must also be recalled that an unnatural hierarchy like the one needed for a plateau might actually be realized to some extent in the SM. The latest measurements of the Higgs and top quark masses suggest that the SM potential, if extrapolated to very high energies, is likely to be metastable. This implies a similar hierarchy between the effective quartic coupling of the Higgs and its beta function at the instability scale of the SM. In fact, a small variation of the top mass with respect to the currently preferred value can lead to a plateau in the SM. Given the excellent fit that approximate plateaus give to the CMB data, it would be interesting to develop concrete models of particle physics that can produce such a hierarchy in a way that is (at least) technically natural. If future measurements 28 confirm that plateau potentials are to be preferred, this will become an important challenge for inflationary model building. the DESY theory group for hospitality and the German Science Foundation (DFG) for funding through the Collaborative Research Center (SFB) 676 "Particles, Strings and the Early Universe". G.B. thanks the CERN Theory Division for hospitality. C.T. acknowledges support of the Spanish Government through grant FPA2011-24568 (MICINN).
Note added
While this paper was under review, a preprint [79] from the BICEP2/Keck collaboration appeared pointing out that their updated upper bound on the amount of primordial gravity waves from inflation (including Planck data) is r < 0.07 at 0.05 Mpc −1 . This value, which is smaller than the (previous) upper bound r 0.11, adds an even stronger motivation for our work, since it excludes pure φ 2 and φ 4 inflationary models with very high significance.
A Reparametrizing the radiative potentials
To perform fits to CMB and other cosmological data, it is convenient to simplify the potentials as much as the models themselves allow. Although the examples in the tables of Section 3 are expressed in terms of four parameters: λ (or m 2 /M 2 P ), b 1 , b 2 and φ 0 /M P , each potential depends only on three numbers. Here we write the potentials (3.1) and (3.4) in terms of the normalized field Φ = φ/M P , as series expansions, highlighting the independent parameters up to log 2 terms. The quartic potential (3.1), can be written as
28 See the note added before the appendices.
The three dimensionless parameters x 0 , x 1 and x 2 are related to the deformations (b 1 and b 2 ), the effective quartic coupling, λ, and the plateau location, Φ 0 = φ 0 /M P , as follows:
2 ,
Similarly, the quadratic deformed plateu (3.4) can be written as
where now
In both cases, assuming Planckian field values, the hierarchy x i x i−1 , ∀ i ≥ 1 would normally be satisfied in a natural expansion. Plateaus that are exact (at order log 2 ) correspond in both cases to the condition b 1 = b 2 = 0, which violates such a hierarchy. For plateaus, it is then implicitly assumed that the hierarchy is recovered from i = 3 onwards, in such a way that higher order logarithmic terms can be neglected. The potentials (A.1) and (A.3) are three-parameter models (with the truncation at order log 2 ) that, to the best of our knowledge, have not been considered in the literature so far. With arbitrary coefficients x i they generalize the plateaus studied in this paper.
B Beta functions
In this appendix we provide the two-loop beta functions in the MS scheme for the concrete particle physics models admitting inflationary plateaus studied in this paper. In the case of couplings that are part of the SM, we give the modifications of their beta functions (in the extended models) with respect to their SM counterparts. We have obtained the beta functions and anomalous dimensions following [80] [81] [82] [83] . The two-loop beta functions in the SM can also be found in [84] . We use the GUT normalization for the hypercharge coupling in the SM. We remark that the one-loop beta functions are enough to derive all the results of Section 4. The two-loop beta functions are provided here because they are required for the complementary results of Appendix C.
B.1 Real singlet scalars with extra fermions
Here we consider a model obtained by extending the SM with a real singlet φ (the inflaton), a second real singlet ϕ and N pairs of Weyl fermions {ψ i ,ψ i } with hypercharges ±q. The multiplets ψ andψ transform under a global SU (N ) symmetry in the fundamental and antifundamental representations, respectively. The relevant interactions of these fields are given in (4.11) and (4.35). The simplified version of the model in which the singlet ϕ is decoupled allows to realize a quartic plateau for the inflaton, as shown in Section 4.1.1, while the full model can also develop a quadratic plateau for φ, provided that there is a coupling between φ and the Higgs, as described in Section 4.2. Using the notation κ = 1/(16π 2 ), the two-loop beta functions in the MS scheme as well as the anomalous dimension of the scalar field φ are: This is a two-order of magnitude improvement with respect to the order κ 0 determination of the top Yukawa coupling done in Section 4.1, which was to be expected since κ 6 × 10 −3 . Indeed, the perturbative κ expansion works well, with |y (0) t | κ|y (1) t |. This shows explicitly that λ ∼ β λ ∼ β λ does not imply a breakdown of perturbation theory, but rather a tuning of the tree-level couplings.
The value of m t at the SM plateau scale is very close to the absolute stability bound obtained by demanding that the SM potential stays positive up to the Planck scale, the difference being of the order of 0.4 GeV. The semi-analytic methods described here, based on the RG and the analytic equations (4.18) and (C.2), allow an efficient way for computing approximate stability bounds for m t as a function of m h , including next-to-leading-log corrections to the Higgs potential.
Complex inflaton charged under U (1) and coupled to multiple fermions
The value of the Yukawa coupling y at the plateau scale in the model of (4.21), given at lowest order by (4.26) , receives the following correction at order κ: Singlet inflaton coupled to a singlet scalar and new fermions 
